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(54) Enhanced crosslinking terpolymer 

(57) A polymer of the invention comprising the 
comonomers ethylene, one or more aipha-olefins hav- 
ing 3 to 20 carbon atoms, and one or more cyclic dienes 
having up to 30 carbon atoms, said polymer having a 
density of at least 0.890 gram per cubic centimeter; long 
chain branching; a plurality of double bonds; an Mw/Mn 
ratio ratio (PDI) of at least 2.5; a flow activation energy 
of greater than about 6.5 kcal/rnol; and a Relaxation 
Spectrum Index (RSI), PDI, and Melt Index (Ml), such 
that RSI- Ml a > 2.7 /and RSI -Ml a -PDI b is in the 
range of about 0.8 to about 60. when a and b are about 
0.6 and minus 1 .2, respectively. 
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EP1 038 889 A2 

Description 
Technical Field 

5 [0001 1 This invention relates to a terpolymer, which is easily processed and contains stabilized unsaturation, which 
enhances crosslinking. 

Background Information 

10 [0002] In a gas-phase polymerization process, traditional Ziegler-Natta catalysts have been shown to readily 
polymerize ethylene with one or more higher alpha-olef in comonomers such as propylene, 1 -butene, 1 -pentene, 1 -hex- 
ene, 4-methyM -pentene, 1-octene and 3,5,5-trimethyl-hexene. to produce a linear low<iensity polyethylene (LLDPE) 
with minimal if any long-chain branching (LCB). The increasing development of metallocene catalyzed olefin polymers 
has resulted in the ability to produce similar polymers with a more well-defined molecular structure than can be 

15 achieved with conventional Ziegler-Natta catalysts. Metallocene linear low density poly ethylenes made according to 
United States patents 5,420,220 and 5,324,800, for example, possess narrow comonomer and molecular weight distri- 
butions. United States patent 5.527.752 describes further a family of metallocene catalyst precursors which are useful, 
when combined with a cocatalyst or catalyst activator, in the manufacture of polyolef ins. 

[0003] The various linear low density polyethylenes referred to above are known to be useful, among a wide variety 
20 of applications, in those applications in which a crosslinkable polymer is required. 

[0004] In this vein, industry has been seeking polymers, which have improved crosslinking properties without sac- 
rificing processability. 

Disclosure of the Invention 

25 

[0005] An object of this invention, therefore, is to provide a polymer, which is easily processed and contains stabi- 
lized double bonds useful in applications where crosslinking is of substantial importance. 

[0006] According to the present invention, such a polymer has been discovered. The polymer of the invention is 
comprised of the comonomers ethylene, one or more alpha-olef ins having 3 to 20 carbon atoms, and one or more cyclic 
30 dienes having up to 30 carbon atoms, said polymer having a density of at least 0.890 gram per cubic centimeter; long 
chain branching; a plurality of double bonds; an Mw/Mn ratio (PDI) of at least 2.5; a flow activation energy of greater 
than about 6.5 kcal/mol; and a Relaxation Spectrum Index (RSI), PDI, and Melt Index (MO, such that RSI • Ml a > 2.7 
and RSI • Ml a • PDI b is in the range of about 0.8 to about 60, when a and b are about 0.6 and minus 1 .2, respectively. 

35 Description of the Preferred Embodiment(s) 

[0007] The addition of a cyclic diene comonomer (CDC) with ethylene and a higher alpha-olef in comonomer in a 
gas-phase reactor provides a mechanism by which long-chain branching can be introduced into the polymer. In norbor- 
nadiene (NBD), for example, both double bonds in its cyclic structure are strained due to the molecular geometry caus- 

40 ing them to be very reactive during the gas-phase polymerization process. For this reason. NBD is readily incorporated 
into a growing polymer chain at one of the double bonds. Subsequent re-incorporation of the second double bond into 
a growing polymer chain occurs somewhat less frequently, though when it does occur, the result is that a 4-arm star or 
similar LCB structure is formed as long as the concentration of the cyclic diene is kept to some low level in the process 
(see structures 2 and 4). If the second double bond is not re-incorporated, the double bond remains as residual unsatu- 

45 ration when the polymer is continuously removed from the reactor (see structures 1 and 3). 

[0008] The long chain branches are described as being at least about 250 carbon atoms in length. One of the char- 
acteristics of long chain branches is that they become entangled in the melt state, so they can also be described as 
being at least as long as the entanglement molecular weight of about 3800 Daltons since that corresponds to the min- 
imum chain length required to be recognized by the melt rheological properties of polyethylene (See Ferry, Viscoelastic 

so Properties of Polymers. John Wiley & Sons, 1980, pages 243 and 378). 

[0009] Structures 1 . 2, 3, and 4 are as follows (when the cyclic diene comonomer is NBD): 
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[0010] Stabilization of that residual unsaturation provides preferred structures for subsequent cross-linking (e.g.. by 
a wire or cabling manufacturer) such that less cross-linking agent, such as an organic peroxide, needs to be used rel- 
ative to cross-linking of a polymer with less residual unsaturation. 4-arm star LCB or similar moieties provide enhanced 
rheological behavior that will lead to easier extrusion and superior mett strength relative to polymers without those 
is structures. 

[001 1] Examples of typical cyclic dienes are as follows: 

£^ 

Vinyl norbornene 
(VNB) 



Ethylidene norbornene 
(ENB) 

35 

[0012] Vinyl norbornene (VNB) has one double bond within the cyclic portion of its structure that is strained on an 
atomic level, and a second double bond as part of a pendant vinyl structure. The strained nature of the former double 
bond makes it far more reactive than the latter, such that incorporation of VNB into a growing polymer chain will occur 
40 via the strained location. In fact, the pendant vinyl group may be less reactive in the gas-phase reactor than the afpha- 
olef in, therefore the probability of cross-linking is even lower than that with NBD. It will, however, remain readily available 
for cross-Jinking. 

[001 3] Ethylidene norbornene (ENB) has a structure that is similar to that of VNB, though the double bond that is 
not within the cyclic comonomer structure is not as readily available for re-incorporation as it is in the pendant vinyl 

45 structure of VNB. As in the case of VNB, incorporation of ENB into a growing polymer chain will occur at the strained 
double bond that is part of the cyclic portion of its structure. The probability for re-incorporation of the second double 
bond is lower than that in both NBD and VNB, but it will still be readily available for cross-linking. 
[0014] This invention describes polyene? in products made in a gas-phase reactor by the polymerization of ethylene 
with at least one higher alpha-olef in comonomer and at least one CDC such that some of the unsaturation that results 

so from the initial incorporation of the CDC is re-incorporated into another growing chain to form LCB and some of the 
unsaturation remains following the reaction. 

[001 5] Polymers of this invention include copolymers of ethylene with at least one linear or branched higher alpha- 
olef in containing 3 to about 20 carbon atoms and at least one cyclic diene comonomer that may be produced in the gas 
phase in a mechanically stirred or gas-f luidized bed reactor using equipment and procedures well known in the art. The 
55 densities range from 0.890 to 0.965 gram per cubic centimeter with melt indices from about 0.1 to about 200 grams per 
10 minutes, in accordance with ASTM D1238, condition E, at 190 °C. Suitable higher alpha-olef ins, linear and 
branched, include, for example, propylene, 1-butene, 1-pentene, 1-hexene, 4-methyM-pentene, 1-octene and 3,5,5-tri- 
methyl-hexene. Suitable cyclic diene comonomers include, but are not limited to, norbornadiene, vinyl norbornene, and 




Norbornadiene 
(NBD) 
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ethylidene norbornene. A cyclic diene comonomer can have a structure that is mono-cyclic, bi-cyclic, or otherwise multi- 
cyclic. Further, a cyclic diene comonomer can have a structure in which both double bonds are internal to the ring struc- 
ture, one of the double bonds can be exocyclic, or both double bonds can be exocyclic. Further, when one of the double 
bonds is exocyclic, the cyclic diene comonomer can have, but is not limited to, the following molecular structure: 

5 



10 




15 where n = 0 -> qo. In a preferred embodiment, n = 0 -> 20. 

[0016] The polymers of this invention have polydispersity indices greater than 2.5, preferably greater than about 
3.0. The polydispersity index (PDf) of a polymer is defined as the ratio of the weight average molecular weight of the 
polymer to the number average molecular weight of the polymer (Mw/Mn). PDI, uncorrected for long chain branching, 
is determined using size exclusion chromatography (SEC) with a WATERS™ 150 degrees C GPC instrument operating 

20 at 140 degrees C with 1 ,2,4-trichlorobenzene at a flow rate of 1 milliliter per minute. The pore size range of the column 
set provides for a molecular weight separation covering the 200 to 10,000,000 Dattons range. National Institute of 
Standards Technology polyethylene standard NBS 1475 is used as the calibration standard to obtain the uncorrected 
(linear polymer assumed) molecular weight distribution. 

[0017] The polymers of the invention have unique rheological properties that suggest distinct molecular structure 
25 which imparts superior extrusion performance and stabilized residual unsaturation that will lead to efficient cross-link- 
ing. The unique rheological properties also favor relative fabrication ease especially in extrusion. In particular, the eth- 
ylene polymers have melt indices (Ml), polydispersity indices (PDI), and Relaxation Spectrum Indices (RSI) such that, 
for a given ethylene polymer: 

30 RSI*Ml a >2.7.and 

0.8 < RSI*Ml a *PDI b <60, 

where a and b are about 0.6 and minus 1 .2, respectively. 
35 Preferably, 

RSI*Ml a >3.0. and 
1.1 < RSI*Ml a *PDI b <35, 

40 

where a and b are about 0.6 and minus 1 .2, respectively. 

[0018] In the formulae immediately above, Ml is the melt index of the polymer reported as grams per 10 minutes, 
determined in accordance with ASTM D1238, condition E, at 190 °C, and RSI is the Relaxation Spectrum Index of the 
polymer, a dimensionless parameter. The quantities RSI • Mr 3 and RSI • Ml a • PDI b , where a and b are about 0.6 and 

45 minus 1 .2, respectively, are referred to herein as nRSI and cRSI, respectively. Whereas RSI is sensitive to measures of 
molecular structure such as Ml, PDI, LCB, and cross-linking, nRSI is sensitive to measures of molecular structure such 
as PDI, LCB, and cross-linking and cRSI is sensitive to measures of molecular structure such as LCB and cross-linking. 
[0019] The RSI of the ethylene polymer is determined by first subjecting the polymer to a shear deformation and 
measuring its response to the deformation using a rheometer. As is known in the art, based on the response of the pol - 

so ymer and the mechanics and geometry of the rheometer used, the relaxation modulus G(t) or the dynamic moduli G'(w) 
and G"(w) may be determined as functions of time t or frequency w, respectively (See Dealy et al, Melt Rheoloav and 
Its Role in Plastics Processing. Van Nostrand ReinhoW. 1990, pages 269 to 297). The mathematical connection 
between the dynamic and storage moduli is a Fourier transform integral relation, but one set of data can also be calcu- 
lated from the other using the well known relaxation spectrum (See Wasserman, J. RheoJoav. Vol. 39, 1 995. pages 601 

55 to 625). Using a classical mechanical model, a discrete relaxation spectrum consisting of a series of relaxations or 
"modes", each with a characteristic intensity or "weight" and relaxation time, can be defined. Using such a spectrum, 
the moduli are re-expressed as: 
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N <aX i 



N 

hi 



where N is the number of modes and gj and lj are the weight and time for each of the modes (See Ferry, Viscoelastic 
15 Properties of Polymers. John Wiley & Sons. 1 980, pages 224 to 263). A relaxation spectrum may be defined for the pol- 
ymer using software such as IRIS™ rhedogical software, which is commercially available from IRIS Development. Once 
the distribution of modes in the relaxation spectrum is calculated, the first and second moments of the distribution, 
which are analogous to M n and M*. the first and second moments of the molecular weight distribution, are calculated 
as follows: 

20 

N N 

25 N N 

k=1 hi 

30 RSI is defined as gll/gl. 

[0020] Because RSI is sensitive to such parameters as a polymer's molecular weight distribution, molecular weight, 
and long chain branching, it is a sensitive and reliable indicator of the stress relaxation of a polymer. The higher the 
value of RSI, the broader the relaxation time distribution of the polymer. 

[0021] An additional rheological indicator of relative fabrication ease in extrusion is the flow activation energy, Ea . 
35 In particular, the ethylene polymers of the current invention have flow activation energies, Ea, such that, for a given eth- 
ylene polymer: 

Ea > 6.5 kcal/mol. 

40 Preferably, 

Ea > 7.0 kcal/mol. 

[0022] The flow activation energy, Ea, is calculated from dynamic oscillatory shear data collected on the same sarrv 
45 pie but at different experimental temperatures. The shift in the experimental data along the frequency axis relative to the 
experimental data at some reference temperature, typically 190 degrees C, is calculated. The set of temperature shift, 
a T , and temperature data are then fit to an Arrhenius expression, 

so a T = exp^^^^- ^L^ ] 

where T and T 0 are the experimental-arid reference temperatures, respectively, in degrees C, and R is the ideal gas 
constant (see Dealy et al. Melt R neology and Its Role in Plastics Processing. Van Nostrand Reinhold. 1990, page 383). 
55 The flow activation energy, Ea, is calculated from the fit of the temperature shift and temperature data to the above 
expression. 

[0023] Polymerization is preferably conducted in the gas phase in a stirred or f luidized bed reactor using equipment 
and procedures well known in the art. Above atmospheric pressures in the range of about 1 to about 1000 psig, prefer- 
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ably about 50 to about 400 psia, and most preferably about 100 to about 300 psia, and temperatures in the range of 
about 30 to about 130 degrees C, preferably 65 to 1 10 degrees C are used. Ethylene and other monomers, if used, are 
contacted with an effective amount of catalyst composition at a temperature and a pressure sufficient to initiate polym- 
erization. 

5 [0024] Catalyst compositions used to produce the olefin polymers of the current invention can be introduced into 
the reactor system with the active material impregnated onto an inert support typically made of alumina or silica. Such 
catalysts, hereafter referred to as supported catalysts, are more fully described in, for example. United States patents 
3,779,712; 3,876,602; and 3,023,203. The catalysts used to produce the olefin polymers of the current invention can 
also be introduced into the reaction zone in liquid form, as described in United States patent 5,317,036. Such soluble 

w olefin polymerization coordination catalysts, hereafter referred to as unsupported catalysts, are uniquely suitable to 
operate in gas phase reactions and offer a number of significant advantages. Such advantages include the avoidance 
of costs associated with the support material and its preparation, and the realization of a very high catalyst surface area 
to volume ratio. The catalyst solution delivered to the reaction zone comprises the catalyst dissolved in a suitable sol- 
vent and, if necessary, an activating cocatalyst in liquid form. Alternatively, the catalyst solution and activating cocatalyst 

is can be introduced to the reaction zone separately. In the case of metallocene catalysts, the preferred activating cocat- 
alyst is an aluminoxane that contains repeating units of the general formula: 

20 where n = 3 -> 50 and R is an alkyl group such as methyl or isobutyl. Alternative activating cocatalysts include borates, 
such as tri(pentaf luorophenyl)borate, and the like. Most preferred activating cocatalysts include methyl aluminoxane 
(MAO) or modified methylaluminoxane (MMAO), the latter of which comprises a majority of MAO with a minority fraction 
of iso-butyl aluminoxane (iBAO). 

[0025] Suitable catalyst precursors that may be used to produce the olefin polymers of the current invention include 
25 a novel family of materials comprising complexes of transition metals, substituted or unsubstituted pi-bonded ligands, 
and heteroallyl moieties. Preferred embodiments of such a family of catalysts include zirconium or hafnium as the tran- 
sition metal, a cyclopentadienyl-type ligand, and disubstituted carbamate or carboxylate substituents. Particularly, pre- 
ferred embodiments of the novel family of catalysts are the mono-indenyl zirconium tris(diethy [carbamate) and mono- 
indenyl zirconium tris(piva!ate) catalysts. Other suitable catalyst precursors for use in the current gas-phase process 
30 include derivatives of mono, bis, and tricyclopentadienyl coordination complexes with a transition metal such as those 
described in United States patents 4,542,199 and 5,324,800, and European Patent 250,60 1-B1. Other transition metal 
catalyst systems, which can be used to prepare the terpolymer, are magnesium/titanium based catalyst systems, which 
can be exemplified by the catalyst system described in United States patent 4,302,565; vanadium based catalyst sys- 
tems such as those descrbed in United States patents 4,508,842; 5,332,793; 5,342.907; and 5,410.003; a chromium 
35 based catalyst system such as that described in United States patent 4,101,445. Many of these catalyst systems are 
often referred to as Ziegler-Natta catalyst systems. Catalyst systems, which use chromium or molybdenum oxides on 
silica-alumina supports, are also useful. 

[0026] Suitable gas phase polymerization reaction systems comprise a reactor to which monomer(s) and catalyst 
composition can be added. A typical fluidized or stirred bed reactor contains a bed of forming polyethylene particles. 

ao The invention is not limited to any specific type of gas phase reaction system. As an example, a conventional fluidized 
bed process is conducted by passing a gaseous stream containing one or more monomers continuously through a flu- 
idized bed reactor under reaction conditions and in the presence of catalyst composition at a velocity sufficient to main- 
tain the bed of solid particles in a suspended condition or to pass a stream of gas bubbles through a bed. The gaseous 
stream containing unreacted gaseous monomer is withdrawn from the reactor continuously, compressed, cooled, and 

45 recycled into the reactor. Product is withdrawn from the reactor and make-up monomer is added to the recycle stream. 
[0027] When hydrogen is used as a chain transfer agent in the process, it is used in amounts varying between 
about 0.001 to about 10 moles of hydrogen per mole of total monomer feed. Also, as desired for temperature control of 
the system, any gas inert to the catalyst composition and reactants can also be present in the gas stream. 
[0028] Organometallic compounds can be employed as scavenging agents for poisons to increase the catalyst 

so activity. Examples of these compounds are metal alkyls, preferably aluminum alkyls, most preferably tri-isobutyl alumi- 
num or tri-n-hexyl aluminum. Use of such scavenging agents is well known in the art. 

[0029] The olefin polymers from the reaction process can be blended with other polymers and resins using tech- 
niques known in the art. In addition, various additives and reagents can be mixed with the olefin polymers of the inven- 
tion. Conventional additives can be included in the reaction process, provided they do not interfere with the function of 
55 the catalyst Specifically, additional thermo- and photo-oxidation stabilizers including hindered phenolic and hydroxy 
amino antioxidants, hindered amine light stabilizers, thioesters or disulfide and aryl phosphites or phosphonites can be 
added. To meet specialized product requirements, cross-linking reagents including dicumyl peroxide, colorants includ- 
ing carbon blacks and titanium dioxide, lubricants including metallic stearates, processing aids including f luoroelastom- 
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ers, slip agents including deamide or erucamide, arrtiblock or release agents including stearamide. ethylene bis- 
stearamide, and controlled particle size zeolite, calcium carbonate, talc or silica, blowing agents, flame retardants and 
other conventional materials can also be mixed with the olefin polymer and their mixtures with other resins. The addi- 
tives can be added to the polymer either before or during processing. More useful additives are antioxidants, ultraviolet 

s absorbers, antistatic agents, pigments, carbon black, dyes, fillers, slip agents, fire retardants. plasticizers, processing 
aids, lubricants, stabilizers, smoke inhibitors, halogen scavengers, flow aids, lubricants, water tree inhibitors such as 
polyethylene glycol, and viscosity control agents. Aside from the fillers, the additives can be present in the Wend in 
amounts of about 0.02 to about 1 0 parts by weight of additive for each 1 00 parts by weight of polymer blend. Fillers can 
be added in amounts of up to 200 parts by weight and more for each 1 00 parts by weight of the blend. 

w [0030] The olefin polymers of the invention are useful for fabrication into a variety of finished articles such as films 
including shrink films, extrusion coatings, wire and cable insulation and jacketing, cross-linked power cable insulation, 
molded articles made by injection molding, blow molding, or rotational molding, extrusions of pipe, tubing, profiles and 
sheeting, and semiconductive insulation and jacketing. Methods of making such articles are well known in the art. 
[0031] The polymers can be processed in various types of extruders, e.g., single or twin screw types. A description 

15 of a conventional extruder can be found in United States patent 4,857,600. A typical extruder has a hopper at its 
upstream end and a die at its downstream end. The hopper feeds into a barrel, which contains a screw. At the down- 
stream end. between the end of the screw and the die, is a screen pack and a breaker plate. The screw portion of the 
extruder is considered to be divided up into three sections, the feed section, the compression section, and the metering 
section, and two zones, the back heat zone and the front heat zone, the sections and zones running from upstream to 

20 downstream. In the alternative, there can be multiple heating zones (more than two) along the axis running from 
upstream to downstream. If it has more than one barrel, the barrels are connected in series. The length to diameter ratio 
of each barrel is in the range of about 15:1 to about 30:1. For the purposes of this specification, it will be understood 
that the term "extruder" includes, in addition to conventional extruders, the combination of an extruder, crosshead, die, 
and a heating or cooling zone where a further forming of the material can be accomplished. The heating or cooling fol- 

25 lows the die and may be, for example, an oven. In wire coating, where the material is crosslinked after extrusion, the die 
of the crosshead feeds directly into a heating zone, and this zone can be maintained at a temperature in the range of 
about 130 to about 260 degrees C. and preferably in the range of about 1 70 to about 220 degrees C. 
[0032] The extrudate can be crosslinked by irradiation or with a crosslinking agent such as an organic peroxide. In 
the case of the peroxide, by exposing the extrudate to a temperature greater than the decomposition temperature of the 

30 organic peroxide. Preferably, the peroxide employed is decomposed through four or more half-lives. The crosslinking 
can be accomplished in, for example, an oven or a continuous vulcanizable (CV) tube. With steam CV equipment, a 
pressure rated vulcanizing tube is mechanically coupled to the extruder crosshead such that the polymer mert exits the 
crosshead/die assembly into a vulcanizing pipe running perpendicular to the extruder. In a typical CV operation, com- 
positions incorporating peroxides are extrusion fabricated into insulation and cable jacketing at low melt extrusion tem- 

35 peratures to avoid premature crosslinking in the extruder. The fabricated melt shape exits the shaping die into the steam 
vulcanizing tube where post extrusion peroxide initiated crosslinking occurs. The steam tube is filled with saturated 
steam which continues to heat the polyolefin melt to the increased temperatures needed for crosslinking. Most of the 
CV tube is filled with saturated steam to maximize dwell time for crosslinking to occur. The final length before exiting the 
tube is filled with water to cool the now crosslinked insulation/jacketing. At the end of the CV tube, the insulated wire or 

40 cable passes through an end seal incorporating dose fitting gaskets, which minimize the cooling water leakage. Steam 
regulators, water pumps, and valves maintain equilibrium of the steam and water and the respective till lengths within 
the steam CV tube. 

[0033] Examples of antioxidants are: hindered phenols such as octadecyl 3-(3.5<li-tert-butyl-4-hydroxyphenyl)-pro- 

pionate. tetrakis[methylene(3,5-di-tef1- birtyl^hydroxyriydrocinnamate)]methane, bis[(beta-(3,5-di-tert-butyl-4- 
45 rrydroxybenzyl)-metriylcarboxyethyl)]sulfide. 4,4^thiobis(2-tert-butyl-5-methylphenol), 2,2 , -thtcte(4-methyl-6-tert-butyl- 

phenol). and thiodiethylene bis(3,5-di-tert-butyl-4-hydroxy hydrodnnamate); phosphites and phosphonites such as 

tris(2,4^i-tert-butylphenyl)phosphite. tris(rronylphenyl)ptiosphite and di-teil-butylphenyl-pertaerythrityl-phosphonrte; 

thio compounds such as dilaurylthitxfipropionate, dimyristyrthiodipropionate. and distearylthiodipropionate (DSTDP); 

various silaxanes; and various amines such as polymerized 2,2.4-trimethyl-1,2-dihydroquinoline, 4,4*-bis(alpha,alpha- 
50 dimethylbenzyl)c5phenylamine, and alkylated diphenylamines. Antioxidants can be used in amounts of about 0.02 to 

about 5 percent by weight based on the weight of the composition. 

[0034] It is understood that a portion of the double bonds are stabilized by use of an additives package, which 
includes one or more of the above antioxidants or stabilizers, in combination with the defined polymer. A preferred sta- 
bilization package can be described as follows: 1200 parts per million as tris(2,4-di-tei1-butylphenyQphosphite and 300 
55 parts per million octadecyl 3-(3,5<IMert-butyl-4-hydroxypheriyO-prcpionate. The package is introduced after the poly- 
mer has been purged of any residual monomers or other reactor components and prior to extrusion compounding, pel- 
leting, or other post-reactor treatment of the polymer. The concentration of residual double bonds, i.e.. stabilized double 
bonds, which remain until the curing step, can be about 0.01 to about 3 percent by weight, preferably to about 2 percent. 
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based on the weight of the polymer. 

[0035] The organic peroxides mentioned above preferably have a decomposition temperature of 100 to 220 
degrees C for a half-life of 10 minutes. They can be exemplified by the following compounds [the numbers set off by the 
parentheses are their decomposition temperatures (in degrees C)]: succinic acid peroxide (110), benzoyl peroxide 
(110). t-butyl peroxy-2-ethyl hexanoate (113). p-cWorobenzpyl peroxide (115), t-butyl peroxy isobutylate (115). t-butyl 
peroxy isopropyl carbonate (135), t-butyl peroxy laurate (140), 2,Sdimethyl-2,5<li(benzpyl peroxy)hexane (140), t-butyl 
peroxy acetate (140). di-t-butyl diperoxy phthalate (140). t-butyl peroxy maleic acid (140). cyclohexanone peroxide 
(145). t-butyl peroxy benzoate (145), dicumyl peroxide (150). 2,Sdimethyl-2,5-di(t-butyl-peroxy)hexane (155). t-butyl 
cumyl peroxide (155). t-butyl hydroperoxide (158), di-t-butyl peroxide (160). 2,5-dimethyl-2,5-di(t-butyl peroxy)hexane- 
3 (170), and alpha. alpha'-bis-t-butylperoxy-1,4-diisopropylbenzene (160). Alpha, alpha'-bis-t-butylperoxy-1,4-diisopro- 
pylbenzene is sometimes preferred because of its high decomposition temperature although dicumyl peroxide is more 
commonly used. 

[0036] The advantages of the invention are as follows: The residual unsaturation is in a stabilized state, which 
insures its availability to provide a highly efficient means for cross-linking the polymer with a peroxide or other cross- 
linking agent. The cross-linking process is made more efficient by requiring less cross-linking agent relative to a poly- 
mer without the residual unsaturation. The LCB structures provide preferred rheological behavior resulting in easier 
extrusion and enhanced melt strength, for example. 

[0037] All molecular weights mentioned in this specification are weight average molecular weights unless otherwise 
designated. 

[0038] Patents and publications mentioned in this specification are incorporated by reference herein. 
[0039] The invention is illustrated by the following examples. 

Examples 

Measurements 

[0040] Molecular Weights and Molecular Weight Distribution are determined by size exclusion chromatography as 
follows. A WATERS™ 150 degrees C GPC chromatograph equipped with mixed-pore size columns for molecular weight 
measurements is employed. For the size exclusion chromatography (SEC), a 25 centimeter long preliminary column 
from Polymer Labs having a 50 Angstrom nominal pore size, followed by three 25 centimeter long Shodex™ A-80 M/S 
(Showa) columns to affect a molecular weight separation for linear ethylene polymer from about 200 to about 
10,000,000 Dartons are used. Both columns contain porous poly(styrene-divinyl benzene) packing. 1,2,4,-trichloroben- 
zene is used as the solvent to prepare the polymer solutions and the chromatographic eluent All measurements are 
made at a temperature of 1 40 + 0.2 degrees C. The analog signals from the mass and viscosity detectors are collected 
into a computer system. The collected data are then processed using standard software commercially available from 
several sources (such as Waters Corporation) for uncorrected molecular weight distribution. The calibration uses the 
broad MWD calibrant method. (See Yau et al. Modem Size-Exclusion Liquid Chromatography. Wiley. 1979. pages 289 
to 313. For the latter, two MW related statistics such as number and weight average MW values must be known for the 
polymer calibrant. Based on the MW calibration, elution volume is converted to molecular weight for the assumed linear 
ethylene polymer. 

[0041] Rheological measurements are done via dynamic oscillatory shear experiments conducted with a new 
model of the Weissenberg™ Rheogoniometer commercially available from TA Instruments. Standard experiments are 
run in parallel plate mode under a nitrogen atmosphere at 190 degrees C. Sample sizes range from approximately 1 1 00 
to 1500 microns and are 4 centimeters in diameter. The frequency sweep experiments cover a frequency range of 0.1 
to 100 sec' 1 with a 2 percent strain amplitude. The torque response is converted by the TA Instruments rheometer con- 
trol software to dynamic moduli and dynamic viscosity data at each frequency. Discrete relaxation spectra are fit to the 
dynamic moduli data tor each sample using the IRIS™ commercial software package. For flow activation energy calcu- 
lations, additional experiments are run at 2 to 3 additional temperatures in the range of 1 50 to 230 degrees C, with other 
experimental conditions being the same. 

[0042] Density is measured according to ASTM test method D1505 (G-101). 
Examples 1 to 35 

[0043] Examples 1 to 7, 9 to 14, 15B to 19B. and 20 to 28 are embodiments of the invention. Examples 8, 15A to 
19 A, and 29 to 35 are comparative examples. 

[0044] Examples 1 to 7 and 9 to 14 and comparative examples 8 and 29 to 32 are produced in a 1.8 liter stirred 
reactor at 85 degrees C. The catalyst and cocatalyst are injected at 85 degrees C and 200 psi ethylene and the reaction 
is terminated by injection of isopropanol at the same temperature and pressure. 
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[0045] Examples 15B to 19B and comparative examples 15A to 19A, 33, and 34 are produced in a stirred bed, hor- 
izontally mixed 54.6 liter reactor. Ethylene partial pressure was 1 .65 MPa and the reactor temperature was 85 °C. The 
reactor was vented to terminate the reaction, and monomers were purged from the polyethylene resin with nitrogen. 
[0046] Examples 20 to 28 and comparative example 35 are produced in a 14 inch nominal diameter, gas phase, 

s fluidized bed reactor having a bed height of 10 feet 

[0047] The catalyst composition employed to make each of examples 1 to 4 and 15B to 19B and comparative 
examples 15A to 19A, 29, 33, and 34 is comprised of indenyl zirconium tris(diethylcarbamate) catalyst and modified 
methylaluminoxane activating cocatalyst The catalyst composition employed to make each of examples 5 to 7 and 
comparative examples 8, 30 and 31 is comprised of methylcyctopentadienyl zirconium tris(pivalate) catalyst and modi- 

10 fied methylaluminoxane activating cocatalyst The catalyst composition employed to make each of examples 9 to 14 
and 20 to 28 and comparative examples 32 and 35 is comprised of indenyl zirconium tris(pivalate) catalyst and modified 
methylaluminoxane activating cocatalyst. 

[0048] Examples 1 to 4 are produced with 1.1 grams NBD per 200 milliliters of 1-hexene. with results listed below. 
Comparative example 29 is produced under similar conditions, but with no cyclic diene comonomer. Prior to testing, all 

is samples are dry-blended with 2000 ppm of Irganox™ 1035 (Ciba) and pressed multiple times under non-severe condi- 
tions to promote dispersion without promoting any degradation in the samples. In addition to the PDI values increasing 
substantially with NBD addition and incorporation, RSI values are increased by 4.5 to 20 times. It is additionally shown 
that nRSI values show little variation among examples 1 to 4 , but collectively remain 3 to 3.5 times greater than that for 
comparative example 29. It is additionally shown that cRSI values for examples 1 to 4 are 1.1 to 2.0 whereas that for 

20 comparative example 29 is 1.0. Further, it is shown that the flow activation energy, Ea, for example 4 is 50 percent 
greater than that for comparative example 29. See Table I. 



Table I 



25 



30 



Examples 


NBD (g/200 ml C6) 


Ml (g/10 min) 


PDI 


RSI 


nRSI 


CRSI 


E a (kcal per mol) 


29 


0 


6.0 


4.6 


2.2 


6.5 


1.0 


7.0 


1 


1.1 


1.0 


10.9 


19.8 


19.8 


1.1 




2 


1.1 


0.4 


9.7 


44.1 


23.6 


1.5 




3 


1.1 


3.5 


7.5 


10.2 


22.1 


2.0 




4 


1.1 


1.0 


9.1 


20.4 


20.0 


1.4 


10.6 



35 [0049] Examples 5 to 7 are produced with 2 to 8 grams VNB per 200 milliliters of 1-hexene with the results listed 
below. Comparative example 30 is produced under similar conditions, but with no cyclic diene comonomer. Prior to test- 
ing, all samples are dry-blended with 1500 ppm of Irganox™ B-900 (Ciba) and pressed multiple times under non-severe 
conditions to promote dispersion without promoting any degradation in the samples. Due to VNB addition and incorpo- 
ration, RSI values for Examples 5 to 7 are 0.5 to 13 times greater than that for comparative example 30. Comparative 

40 examples 8 and 31 are produced with no 1 -hexene added to the reactor vessel leading to the production of an ethylene- 
VNB copolymer and an ethylene homopolymer. respectively. Prior to testing, all samples are dry-Wended with 1500 
ppm of Irganox™ B-900 (Ciba) and pressed multiple times under non-severe conditions to promote dispersion without 
promoting any degradation in the samples. The RSI value for comparative example 8 is more than 50 times that of com- 
parative example 31. See Table II. 

45 



Table II 
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55 



Examples 


VNB (g/200 ml C6) 


PDI 


RSI 


30 


0 


2.6 


6.0 


5 


2 


3.7 


13.0 


6 


4 


3.1 


10.0 


7 


8 




83.1 


31 


0 (no 1-hexene) 




19.8 


8 


8 (no 1-hexene) 




1055.0 
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[0050] Examples 9 to 12 are produced with 2 to 16 grams VNB per 200 milliliters of 1-hexene with the results listed 
below. Prior to testing, all samples are dry-Wended with 1 500 ppm of Irganox™ B-900 (Ciba) and pressed multiple times 
under non-severe conditions to promote dispersion without promoting any degradation in the samples. Due to VNB 
incorporation, RSI values for examples 9 to 12 increase consistently and substantially with increasing VNB addition to 

5 the reactor. The RSI value for example 12 is about 26 times that of example 9. Further, the relaxation spectra for exam- 
ples 10 to 13 show a consistent and substantial evolution with increasing VNB addition and incorporation. Mae specif- 
ically, increasing VNB addition and incorporation leads to an enhancement of the long-relaxation time regime of the 
relaxation spectrum including a consistent and substantial shift in the longest relaxation times to higher values. The 
longest relaxation time for example 12 is 12 times that of example 9. Further, the relaxation spectra for example 12 

w show no indication of cross-linking. See Table III. 



Table III 



Examples 


VNB (g/200 ml C6) 


RSI 


longest relaxation time 
(sec) 


9 


2 


7.9 


14.4 


10 


4 


17.4 


40.9 


11 


8 


28.7 


43.0 


12 


16 


205.0 


173.6 



[0051] Examples 13 and 14 are produced with 4.1 to 16.7 grams VNB per 200 milliliters 1-hexene with the results 
25 listed below. Comparative example 32 is produced under similar conditions, but with no cyclic diene comonomer. Prior 
to testing, all samples are dry-Wended with 1500 ppm of Irganox™ B-900 (Ciba) and pressed multiple times under non- 
severe conditions to promote dispersion without promoting any degradation in the samples. It is shown that examples 
13 and 14 have higher Ea and cRSI relative to comparative example 32. See Table IV. 

30 

TaWe IV 



Examples 


VNB (g/200 ml C6) 


Ml(g/10min) 


PDI 


RSI 


nRSI 


CRSI 


Ea (kcalAnol) 


32 


0 


1.7 


33.6 


6.9 


9.5 


0.1 


6.4 


13 


4.1 


1.4 


6.9 


7.2 


8.9 


1.1 


6.7 


14 


16.7 


0.2 


4.3 


26.6 


10.0 


1.7 


6.9 



[0052] Examples 15B to 19B and comparative examples 15A to 19A are produced with 0.8 to 12.8 weight percent 

40 NBD (based on the weight of a mixture of diene and 1 -hexene) added to the reactor with the results listed below. Com- 
parative examples 33 and 34 are produced under similar conditions, but with no cyclic diene comonomer. Prior to test- 
ing, examples 15 to 19 in granular form are divided into two portions, one to remain as granular resin (A version in TaWe 
below) and one to be extrusion compounded (B version in Table below) prior to testing. Granular, or A versions, of 
examples 15 to 19, which are comparative examples, and comparative example 33 are each unstabilized prior to test- 

45 ing. B versions of examples 15 to 19 and comparative example 34 are each dry Wended with 1500 ppm Irganox™ B- 
900 (Cfoa) and compounded on a 1 .5 inch Killion™ Extruder with a standard LLDPE mixing screw (30/1 length to diam- 
eter) at a rate of 40 pounds per hour (at about 90 rpm) with a set die temperature of 410 degrees F. It is shown that the 
unstabilized, granular comparative examples 15A to 19A have RSI, nRSI, and cRSI values that increase substantially 
and consistently with increasing NBD weight percent in 1-hexene fed to the reactor. More specifically, the unstabilized, 

so granular comparative examples 15A to 19A have nRSI and cRSI values that are 2.3 to 350 times those for comparative 
example 33. It is additionally shown that the compounded, stabilized examples 15B to 19B have RSI, nRSI. and cRSI 
values that are well below those for each of their granular, unstaWlized analogs. Further, it is shown that comparative 
example 34 has RSI, nRSI, and cRSI values that are about the same as those of its granular analog, comparative exam- 
ple 33. The nRSI and cRSI values for examples 15B to 17B suggest an inherent LCB structure that results from re- 

55 incorporation of the second douWe bond in the NBD structure during the reaction process. Further, it suggests that such 
a structure can be readily stabilized so as to resist additional chemical reactions, such as cross-linking, during extrusion 
compounding. Still further, examples 1 5B to 1 7B suggest that there is an optimal level of cyclic diene comonomer to be 
added to the reaction to maximize formation of LCB structures whereas additional cyclic diene comonomer addition 
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could favor initial incorporation of the cyclic diene comonomer into a growing polymer chain rather than re-incorporation 
of second double bonds of cyclic diene comonomer that have already been incorporated. Additionally, the nRSI and 
cRSI values for comparative examples 15A to 19A suggest the extent to which residual unsatu ration due to cyclic diene 
comonomer that has been incorporated once into growing polymer chains, but not re-incorporated to form LCB, can 
5 lead to undesired chemical reactions, such as cross-linking. See Table V. 



Table V 



10 



15 



20 



Examples 


NBD (wt%) 


Ml 


PDI 


RSI 


nRSI 


CRSI 


33 


0 


1.8 


3.0 


2.9 


4.1 


1.1 


15A 


0.8 


4.0 


3.1 


4.4 


10.2 


2.6 


16A 


1.6 


2.7 


3.0 


5.2 


9.6 


2.6 


17A 


3.2 


1.3 


3.4 


24.2 


28.3 


6.5 


18A 


6.4 


0.3 


3.1 


269.8 


131.9 


34.6 


19A 


12.8 


0.5 


2.7 


2084.5 


1314.2 


393.8 


34 


0 


2.0 


3.1 


2.7 


4.1 


1.1 


15B 


0.8 


4.1 


3.1 


2.9 


6.8 


1.8 


16B 


1.6 


3.7 


3.0 


3.5 


7.8 


2.1 


17B 


3.2 


2.9 


3.4 


7.3 


14.0 


3.2 


18B 


6.4 


1.6 


3.1 


2.3 


3.0 


0.8 


19B 


12.8 


2.6 


2.7 


2.8 


5.0 


1.5 



[0053] Examples 20 to 28 are produced with up to 4.5 weight percent of NBD or VNB (based on the weight of a 

30 mixture of diene and 1-hexene) added to the reactor, with results listed below. Comparative example 35 is produced 
under similar conditions, but with no cyclic diene comonomer. Prior to testing, each of examples 20 to 22 are dry- 
Wended with 1 500 ppm of Irganox™ B-900 (Ciba) and pressed under non-severe conditions to promote dispersion with- 
out promoting any degradation in the samples. Also prior to testing, examples 23 to 28 and comparative example 35 
are each dry blended with 1500 ppm IRGANOX™ B-900 (Ciba) and compounded on a 1 .5 inch Killion™ extruder with a 

35 standard LLDPE mixing screw (30/1 length to diameter) at a rate of 40 pounds per hour ( about 90 rpm) with a set die 
temperature of 410 degrees. It is shown that RSI, nRSI, and cRSI values for example 21 are much higher than those 
for example 20, though both are produced with NBD. The higher NBD level in example 21 is found to have cross-linked 
during the reaction or subsequent treatment as indicated by an exceptionally low relaxation time that delineates very 
fast relaxation processes introduced into molecular segments between cross-links. Lower nRSI and cRSI values for 

40 example 22 relative to those for example 20 show that residual unsaturation resulting from the failure to re-incorporate 
any VNB monomer is less susceptible to undesired cross-linking than comparable levels of NBD. It is shown that exam- 
ples 23 to 28 have RSI, nRSI, and cRSI values that are about the same as those for comparative example 35. The rel- 
atively low cyclic diene comonomer levels fail to provide adequate sites for the formation of LCB by reincorporation of 
the second double bond of either cyclic diene comonomer such that the level of LCB is detected by rheological meth- 

45 ods. Further, it is shown that any residual unsaturation resulting from the failure to re-incorporate either of the cyclic 
diene comonomers in examples 23 to 28 have been successfully stabilized. Examples 20 to 22 demonstrate that in 
spite of tow re-incorporation, sufficient levels of comonomer have been incorporated to provide opportunities tor desired 
cross-linking. See Table VI. 

50 

Table VI 



Examples 


diene (wt %) 


diene 


Ml 


PDI 


RSI 


nRSI 


cRSI 


20 


<0.6 


NBD 


0.9 


2.8 


17.6 


15.9 


4.6 


21 


2.3 


NBD 


1.6 


3.2 


181.0 


242.0 


59.4 


22 


1.7 


VNB 


3.7 


2.3 


4.8 


10.6 


3.9 
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Table VI (continued) 
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Examples 


diene (wt %) 


diene 


Ml 


PDI 


RSI 


nRSI 


CRSI 


35 


0 





1.0 


2.4 


3.0 


j 3.0 


1.0 


23 


<0.6 


NBD 


0.8 


2.8 


3.2 


2.9 


0.8 


24 


0.6 


NBD 


0.9 


2.7 


3.5 


3.2 


1.0 


25 


0.9 


NBD 


2.4 


2.6 


1.8 


3.1 


1.0 


26 


2.3 


NBD 


1.6 


3.0 


2.2 


3.0 


0.8 


27 


1.4 


VNB 


1.3 


3.0 


3.2 


3.7 


1.0 


28 


1.7 


VNB 


1.0 


2.9 


2.7 


2.7 


0.8 



is Notes tP Example and Tajfrles: 
[0054] 

NBD = norbornadiene 
20 C6 = 1-hexene 

Ml (g/10 min) = melt index in grams per 10 minutes in accordance with ASTM D1238, condition E, at 190 degrees 

C. 

PDI = polydispersity index (Mw/Mn) 

RSI = relaxation spectrum index is explained as follows: the breadth of the relaxation spectrum defined by the ratio 
25 of its first and second moments 

nRSI = the n version of the RSI is explained as follows: RSI * Ml a , when a is about 0.6 

cRSI = the c version of the RSI is explained as follows: RSI • Ml a • PDI b , when a and b are about 0.6 and minus 
1.2, respectively 

Ea (kcal per mol) = flow activation energy in kiiocalories per mol 
30 VNB = vinyl norbornene 

ENB = ethylidene norbornene 

longest relaxation time (sec) = time value associated with the longest discrete relaxation in relaxation spectrum 
Claims 

35 

1 . A polymer comprising the comonomers ethylene, one or more alpha-olef ins having 3 to 20 carbon atoms, and one 
or more cyclic dienes having up to 30 carbon atoms, said polymer having a density of at least 0.890 gram per cubic 
centimeter; long chain branching; a plurality of double bonds; an Mw/Mn ratio (PDI) of at least 2.5; a flow activation 
energy of greater than about 27.1 kJ/rnol (6.5 kcal/md); and a Relaxation Spectrum Index (RSI), PDI and a Melt 

40 Index (Ml), such that RSI • Ml a > 2.7 and RSI • Ml a • PDI b is in the range of 0.8 to 60. when a and b are about 
0.6 and minus 1.2, respectively. 

2. The polymer defined in claim 1 wherein the polymer is a ter polymer. 

45 3. The polymer defined in claims 1 or 2 wherein the alpha-olef in has 3 to 20 carbon atoms and the cyclic diene has 
up to 9 carbon atoms. 

4. The polymer defined in any one of the preceding claims wherein the density of the polymer is in the range of 0.890 
to 0.965 gram per cubic centimeter. 

so 

5. The polymer defined in any one of the preceding claims wherein the Mw/Mn ratios is in the range of 3 to 1 0. 

6. The polymer defined in any one of the preceding claims wherein the flow activation energy is greater than about 
31.3 kJ/mol (7.5 kcal/md). 

55 

7. The polymer defined in any one of the preceding daims wherein the Relaxation Spectrum Index (RSI) and Melt 
Index (Ml) are such that RSI • Ml a > 3.0 when a is about 0.6. 
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& The polymer defined in any one of the preceding claims wherein the Relaxation Spectrum Index (RSI), PDI, and 
Melt Index (Ml), are such that RSI * Ml a * PDI b is in the range of 1 .1 to 35, when a and b are about 0.6 and minus 
1.2, respectively. 

s 9. A terpolymer comprising the comonomers ethylene, an alpha-olefin having 3 to 20 carbon atoms, and a cyclic 
diene having up to 30 carbon atoms, said polymer having a density in the range of 0.890 to 0.965 gram per cubic 
centimeter; long chain branching; a plurality of double bonds; an Mw/Mn ratio (PDI) of at least 2.5; a flow activation 
energy of greater than about 27.1 kJ/mol (6.5 kcal/mol); and a Relaxation Spectrum Index (RSI), PDI, and melt 
index (Ml), such that RSI • Ml a > 2.7 and RSI • Ml a • PDI b is in the range of 0.8 to 60, when a and b are about 

10 0.6 and minus 1 .2, respectively. 

10. The terpolymer defined in any one of the precedng claims wherein the alpha-olefin is 1-butene, 1-hexene, 1- 
octene, or 4-methyl-2-pentene and the cyclic diene is norbornadiene. vinyl norbornene, or ethylidene norbornene. 

is 1 1 . The terpolymer defined in any one of the preceding claims wherein the concentration of double bonds is 0.01 to 3 
weight percent. 
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